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Sunday, February 8, 2015 169aAFM tip. Here, we present a combined approach to answer the question of how
much of the high force tail can be attributed to either cause. We found that the
presence of multiple attachments, while significant, accounts for only a fraction
of the events in the high force tail of the distribution.
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Mechanical properties are key to bioactivity, whether in artificial or natural tis-
sue. Variations in mechanical properties can also be an indicator of chemical
content and tissue structure, with implications for material function. Here we
present results from nanoscale mechanical mapping of several tissues in the
eye, with possible correlations to preliminary tip-enhanced Raman (TERS)
data. Our results demonstrate the importance and utility of mechanical mea-
surements, particularly mechanical mapping, in understanding natural tissue,
with an eye toward early mechanical indicators of disease.
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Peptide nucleic acids (PNA) are synthetic polymers the neutral peptide
backbone of which provides elevated stability to PNA-PNA and hybrid PNA-
DNA duplex. It was demonstrated recently (J.Org.Chem.2011, 76, 5614-
5627) that additional modification of the backbone such as incorporation of
diethylene glycol (miniPEG) further increases the duplex thermal stability, so
the hybrid duplex with 10 miniPEG units (g-PNA) has the melting temperature
23C higher compared to the regular PNA-DNA duplex. Here we applied
AFM force spectroscopy to probe the strength of the g-PNA-DNA duplex
(50GAGTAG GTAG-3’) containing ten miniPEG-modified units. Single-
stranded PNA and DNA oligonucleotides containing terminal thiol groups
were immobilized on amino-functionalizedAFM tip andmica substrate, respec-
tively via bifunctional PEG tethers and the interaction between the DNA and
g-PNA polymers was analyzed by multiple approach retraction cycles over
various locations on the mica substrate. Such single molecule probing experi-
ments produced force curves with well-defined rupture events corresponding
to the dissociation of the duplex formed during the approach step. The experi-
ments were performed at various pulling rates (300-3000 nm/sec) enabled us
to characterize the hybrid duplex stability using dynamic force spectroscopy
(DFS) approach. The DFS measurements yielded rupture forces varying in
the range 60-70 pN. The data analyzed in the framework of the Bell-Evans
approach yielded a dissociation constant, koff ~ 10
9 sec1 and rupture distance
x-1~ 1.7 nm. Similar published DFS measurements of DNA duplex are charac-
terized by koff with ~ 10
8 times less values, which is in line with elevated stabil-
ities of the g-PNA-DNA duplexes compared with the DNA duplexes.
The work was supported by NIH grants 5P01 GM091743-03 and 5R01
GM096039-04 to YLL. g-PNA was synthesized at PNA innovation.
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The major structural component of a blood clot is a meshwork of about 150 nm
thick fibrin fibers. It is well understood how fibrin monomers assemble into the
double-stranded, half-staggered protofibrils. However, how these protofibrils
laterally assemble to formmature fibers is poorly understood. There is evidence
that fibrin fibers are very porous with a protein content of only 20-30%.We per-
formed two types of experiments to investigate the internal structure of fibrin
fibers. We formed fibrin fiber from fluorescently labeled fibrinogen and deter-
mined the light intensity of a fiber, which is proportional to the number of
monomers, as a function of fiber diameter. We found that the intensity, I, scaled
as I~D1.4350.2 (wet fibers) and as I~D1.250.14 (dry fibers). This implies that
cross-sectional monomer density also scales as D1.4, and not as D2, as would
be expected for fiber with a solid, homogeneous cross-section. We also deter-
mined the Young’s modulus, E, as a function of fiber diameter, and found that E
scales as E~D1.4. Thus, E decreases dramatically with diameter. These
modulus data suggest that the number of bonds per cross-section scales asD0.6, consistent with a fiber model that has a dense core and a very loosely con-
nected periphery.
In summary, our data suggest that fibrin fibers have a very inhomogeneous
cross-section with a dense core and a very loose periphery.
This work was support by the Wake Forest University Translational Science
Center, grant numbers: U01508, U01078.
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Atomic force microscopy has been previously used to image various biofilm-
forming bacteria live in fluid, followed by performing force curves on selected
areas to learn about the biophysical properties of the cells. However, some bac-
teria do not adhere sufficiently strongly to a surface to be analyzed in this
fashion. Here we have used force mapping to obtain force curves on live cells
that would otherwise be difficult or impossible to collect. Predatory B. bacter-
iovorus cells, which are highly motile and form no biofilms, can be loosely trap-
ped on polylysine-coated slides. Force mapping is sufficiently gentle to obtain
data on these cells without dislodging them from the slide. Comparison of these
predatory B. bacteriovorus cells with those of their ‘‘host-independent,’’ non-
predatory counterparts indicates that predatory cells are much less stiff, pre-
sumably enabling them to squeeze into prey cells’ periplasm. Moreover,
host-independent B. bacteriovorus cells demonstrate considerable adhesion to
AFM tips, whereas predatory B. bacteriovorus cells show little or no interaction
with AFM tips. The molecular basis for these interactions is being further
explored.
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Mesenchymal stem cells (Msc) differentiate typically to chondrocytes. In our
lab we have created neuronal-like cells from Msc. In this presentation results
of atomic force microscopy (AFM) measurements of mechanical properties
such as Young modulus or friction during this differentiation will be reported.
Differentiations leads to noticeable changes in mechanical properties, in partic-
ular elastic maps are modified. Effects of pyrethroids, widely used neuroactive
substances, on the AFM images will be also discussed. Biophysical character-
ization of cell differentiation process should help to optimize control and
manipulation on stem cells. This knowledge is important for tissue engineering
and regenerative medicine.
This work was supported by Faculty of Physics, Astronomy and Informatics,
NCU grant no. 1899-F and project WZROST (POKL.04.01.01.-00-081/10).
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Titin, a giant filamentous intrasarcomeric protein, is a serial chain of more than
300 globular (Ig or FN) domains and numerous unique sequences. Although
force-dependent unfolding has been extensively investigated in recombinant
homopolymeric constructs of titin domains, neither the global kinetics, nor
the spatial pattern of mechanically-driven domain unfolding is known within
the complexity of the full-length molecule. To follow the global kinetics of
domain unfolding, we stretched individual titin molecules isolated from
rabbit m. longissimus dorsi using high time- and force-resolution optical twee-
zers in force- and velocity-clamp modes. When clamped at high forces, the
molecule extended in discrete steps via unfolding of its constituent globular do-
mains. In an apparent violation of mechanically-driven activation kinetics,
however, neither the global domain unfolding rate, nor the folded-state lifetime
distributions of titin were sensitive to force. The contradiction can be recon-
ciled by assuming a gradient of mechanical stability so that domains are grad-
ually selected for unfolding as the magnitude of force increases. To explore
whether there is a spatial pattern in this gradient of domain unfolding, we car-
ried out a topographical screening of individual titin molecules stretched to
varying degrees with receding meniscus. We found that unfolded domains
were distributed homogenously along the entire length of the overstretched titin
molecule. The spatially randomized domain stability ensures that titin is a quasi
Hookean expander across a wide range of stretch and loading rates, thereby
170a Sunday, February 8, 2015behaving as an apparently linear sensor of the mechanical environment. This
could serve as a built-in safety mechanism for protecting the sarcomere against
structural disintegration.
852-Pos Board B632
Glass: A Multi-Platform Specimen Supporting Substrate for Precision
Single Molecule Studies of Membrane Proteins
Nagaraju Chada, Krishna P. Sigdel, Raghavendar Reddy, Sanganna Gari,
Tina R. Matin, Chunfeng Mao, Brendan Marsh, Linda L. Randall,
Gavin M. King.
Physics and Astronomy, University of Missouri, Columbia, MO, USA.
High resolution (z1 nm lateral resolution) biological AFM imaging has been
carried out almost exclusively using freshly cleaved mica as a specimen sup-
porting surface, but mica suffers from a fundamental limitation that has hin-
dered AFM’s broader integration with many modern optical methods. Mica
exhibits biaxial birefringence; indeed, this naturally occurring material is
used commercially for constructing optical wave plates. In general, propagation
through birefringent material alters the polarization state and bifurcates the
propagation direction of light in a manner which varies with thickness. This
makes it challenging to incorporate freshly cleaved mica substrates with mod-
ern optical methods, many of which employ highly focused and polarized laser
beams passing through then specimen plane. Using bacteriorhodopsin from
Halobacterium salinarum and the translocon SecYEG from Escherichia coli,
we demonstrate that faithful images of 2D crystalline and non-crystalline mem-
brane proteins in lipid bilayers can be obtained on common microscope cover
glass following a straight-forward cleaning procedure. Direct comparison be-
tween data obtained on glass and on mica show no significant differences in
AFM image fidelity. This work opens the door for combining high resolution
biological AFM with powerful optical methods that require optically isotropic
substrates such as ultra-stable1 and direct 3D AFM2. In turn, this capability
should enable long timescale conformational dynamics measurements of mem-
brane proteins in near-native conditions.
1.King, G.M., Carter, A.R., Churnside, A.B., Eberle, L.S. & Perkins, T.T. Ul-
trastable atomic force microscopy: atomic-scale stability and registration in
ambient conditions. Nano Letters 9, 1451 (2009).
2.Sigdel, K.P., Grayer, J.S. & King, G.M. Three-dimensional atomic force mi-
croscopy: interaction force vector by direct observation of tip trajectory. Nano
Lett 13, 5106-5111 (2013).
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Aggregates of oligonucleotides and the surfactant, CTAB, have been studied
with force spectroscopy using an atomic force microscope. Gold coated
AFM tips were derivatized with long carbon chain thiols and thiols functional-
ized with carboxylic acid and amine head groups and used to measure the
strength of interaction or adhesive force between the AFM tip and aggregate
surface. Force curves were obtained at various locations on the aggregate sur-
face showing consistently reproducible adhesion within a given spot and some
variability in adhesion from one spot to another. Adhesive forces were also
measured in the same way on a model system composed of self-assembled
monolayers (SAMs) formed using the thiols mentioned above on gold coated
silicon wafers for comparison. Forces of attraction between the derivatized
tip and the model SAM surface were quite a bit lower compared to measure-
ments made on aggregates. Some force curves obtained from aggregate sur-
faces showed broad retraction traces indicative of a strong adhesive force
that may include a cascade of detachment steps. Currently, friction (lateral)
force experiments are underway on both the aggregate surface and the model
system to determine the surface free energy between the tip and surface and
the extent of homogeneity on the aggregate.
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Hemostasis is a complex process that relies on a sensitive balance between the
formation and breakdown of the thrombus, a three-dimensional polymer
network of the fibrous protein fibrin. Neither the details of the fibrinogen-
fibrin transition, nor the exact mechanisms of thrombus degradation are
fully understood at the molecular or supramolecular level. We investigated
nanoscale changes in the viscoelasticity of the 3D-fibrin network during fibri-
nogenesis and streptokinase (STK)-induced fibrinolysis by using a novel,
atomic-force-microscope (AFM)-based application of force spectroscopy,
named nano-thrombelastography.Clot formation was initiated by adding Ca2þ to fresh, anti-coagulated mixed
human plasma droplet on a glass surface. In order to induce fibrinolysis,
STK, at a final enzyme activity of up to 10,000 IU was applied in situ. For
measuring the nanoscale elastic and viscous properties of the fibrin network,
the tip of an AFM cantilever was immersed in the plasma droplet and oscillated
vertically with a constant rate. The cantilever bending was correlated with
fibrin-clot elasticity and viscosity in time. Morphological changes were fol-
lowed by scanning AFM on polymerized fibrin deposited on mica surface.
Whereas the global features of the time-dependent change in cantilever deflec-
tion corresponded well to a macroscopic thrombelastogram, the underlying
force spectra revealed large, sample-dependent oscillations in the range of
3-50 nN and allowed the separation of elastic and viscous components of fibrin
behavior. Upon STK treatment the nano-thrombelastogram signal decayed
gradually. The decay was driven by a decrease in thrombus elasticity, whereas
thrombus viscosity decayed with a time delay. In scanning AFM images mature
fibrin appeared as 17-nm-high and 12-196-nm-wide filaments. STK-treatment
resulted in the decrease of filament height and the appearance of a surface
roughness with 23.7 nm discrete steps that corresponds well to the length of
a fibrinogen monomer.
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Titin is the largest protein in the human body. Constituted by Immunoglobulin-
like (Ig) domains and unstructured regions, titin determines the passive elastic-
ity of muscle tissue. Current models of muscle elasticity propose a central role
for the extension of its unstructured regions at low force, while relegating Ig
domains unfolding reactions as a safety mechanism triggered only by un-
physiologically high forces. Here we combine single-particle tracking and
single-molecule force spectroscopy to observe the dynamics of Ig domains
from I-band under physiological forces. Using quantum dots and centroid
tracking techniques we show that in single myofibrils extended to an optimal
sarcomere length of 3.1 mm, titin molecules labeled in situ undergo stepwise
changes in length of 135 3 and 225 3 nm. Additionally, single-molecule ex-
periments on a proximal native fragment of titin shows that the folding/unfold-
ing step sizes of the proximal Ig domains of 10.45 3.6 and 21.85 4.7 nm, at
8 pN of force. These extensions closely match the distribution of step sizes
observed in the intact single myofibril. Our studies demonstrate that Ig domain
folding reactions in titin occur at physiological forces and sarcomere lengths
and are thus likely to be a major component of muscle elasticity.
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The simian vacuolating virus (SV40) can infect both human and apes and is of
interest as capsule for drug delivery since it can efficiently infect a wide range
of human cells. The icosahedral virus capsid is assembled from VP1 pentamers,
and this assembly is stimulated by the presence of dsDNA. However, the real-
time assembly process of SV40 and viruses in general is poorly understood
limiting among other things our ability to manipulate capsid re-assembly in vi-
tro for therapeutic purposes.
Here, we show the real-time assembly of capsid around dsDNA employing
dual-trap optical tweezers (OT). Protein assembly around the DNA leads to a
drastic change in the contour length, which is readily observed when dsDNA
is incubated with VP1 pentamers, indicating both kinking and crosslinking.
Additionally, a new technology, acoustic force spectroscopy (AFS) capable
to apply very low constant forces, provides indications of substantial capsid-
like-structure formation observable as real-time shortening of DNA in the
presence of VP1 combined with major rupture events when stretching the
DNA-protein structure afterwards. In order to obtain visual information about
protein coverage and arrangement on DNA, we generated atomic force micro-
scope (AFM) images. In these images we observe significant cluster formation
on DNA providing a good indication that we observe partial assembly. These
results reveal that we can indeed track the assembly of viral capsids and visu-
alize intermediates. This in turn provides a window into the complex kinetics of
viral capsid formation.
